Epithelial-to-mesenchymal transition (EMT) is involved in many biological processes, including embryogenesis, tissue fibrosis and cancer metastasis. EMT is characterized by the loss of cell polarity and adhesion, resulting in changes in cell morphology and increased cell migration and size (1, 2). Activation of EMT-inducing transcription factors including snail family transcriptional repressor 1 (SNAIL1), SNAIL2, and twist family bHLH transcription factor 1 (TWIST), among others, is thought to promote tumor initiation via negative regulation of the tumor suppressor p53 (3). Transgenic mice overexpressing resistance to audiogenic seizures (Ras) oncogene alone in mammary glands do not develop mammary carcinoma, while mice overexpressing Twist1 in addition to Ras are susceptible to cancer (4). In addition, some EMT features, including loss of E-cadherin expression, are observed in some types of epithelial dysplasia (5). Expression of EMT-inducing transcription factors may also confer tumor cells with an advantage under conditions of stress by enabling oncogene-induced cell senescence and escape from apoptosis (6, 7).
Epithelial-to-mesenchymal transition (EMT) is involved in many biological processes, including embryogenesis, tissue fibrosis and cancer metastasis. EMT is characterized by the loss of cell polarity and adhesion, resulting in changes in cell morphology and increased cell migration and size (1, 2) . Activation of EMT-inducing transcription factors including snail family transcriptional repressor 1 (SNAIL1), SNAIL2, and twist family bHLH transcription factor 1 (TWIST), among others, is thought to promote tumor initiation via negative regulation of the tumor suppressor p53 (3). Transgenic mice overexpressing resistance to audiogenic seizures (Ras) oncogene alone in mammary glands do not develop mammary carcinoma, while mice overexpressing Twist1 in addition to Ras are susceptible to cancer (4). In addition, some EMT features, including loss of E-cadherin expression, are observed in some types of epithelial dysplasia (5). Expression of EMT-inducing transcription factors may also confer tumor cells with an advantage under conditions of stress by enabling oncogene-induced cell senescence and escape from apoptosis (6, 7).
Reactive oxygen species (ROS) are generated by normal cellular metabolism (mitochondrial electron transport chain) and in response to cytokines and environmental factors (ultraviolet or ionizing radiation); an increase in intracellular ROS production can lead to oxidative stress (8) , which underlies degenerative diseases such as obesity, arteriosclerosis, rheumatoid arthritis, and aging. Increased ROS levels have been observed in many types of tumor cell, suggesting that they contribute to tumorigenesis and tumor metastasis (9, 10) . Mesothelioma is caused by inhalation of asbestos fibers, which results in higher ROS levels and EMT induction (11, 12) . These observations suggest that tumorigenesis is associated with the interaction of ROS and EMT.
Transforming growth factor (TGF)-β is a cytokine that plays an important role in cell growth inhibition, cell migration, tumor metastasis, extracellular matrix remodeling, and immunosuppression. The biological function of TGFβ is context-dependent; for instance, it inhibits and promotes tumor cell growth at early and late stages of tumorigenesis, respectively (13). TGFβ is activated by oxidative stress in various tissues, including mammary gland (14) .
We speculated that increased ROS and TGFβ cooperatively induce EMT to cause dysplasia and, ultimately, tumorigenesis. In order to test this hypothesis, the 6 present study investigated the effect of hydrogen peroxide (H 2 O 2 ), an ROS, on TGFβ-mediated EMT and molecular mechanisms underlying the event, as ionizing radiation has been shown to enhance TGFβ-mediated EMT in human mammary epithelial cells (15, 16) .
Materials and Methods
Cell culture. Immortalized MCF-10A human mammary epithelial cells were purchased from the American Type Culture Collection (Manassas, VA, USA) and maintained as previously described (15) . Confluent cells were treated with 50 or 250 μM H 2 O 2 in culture medium for 1 h or with γ radiation (1 Gy; Gammacell, Best Theratronics, Ottawa, Canada) at a dose-rate of 0.9 Gy/min. The cells were then detached with a mixture of 0.05% trypsin and cell dissociation solution (Sigma-Aldrich, St. Louis, MO, USA) and counted, then sparsely reseeded with 400 pg/ml human recombinant TGFβ1 (R&D Systems, Minneapolis, MN, USA), except for immunofluorescence analysis (100 pg/ml). Cells were cultured until confluence (about 6 days); the medium containing TGFβ1 was changed every 48 h. To evaluate the effect of inhibitor on (Cell Signaling Technology, Danvers, MA, USA).
Immunofluorescence analysis. Immunocytochemistry was carried out as previously described (15) . Briefly, cells were grown on a 96-well plate (ibidi GmbH, Martinsried, 
RNA purification and quantitative reverse transcription (qRT)-polymerase chain reaction (PCR)
. RNA extraction and qRT-PCR were carried out as previously described (18) using the SYBR Green system (Thunderbird SYBR qPCR Mix; TOYOBO, Osaka, Japan) and specific primers (Table I ) (4). Glyceraldehyde 3-phosphate dehydrogenase expression was used as an internal standard. Relative gene expression levels were calculated with the 2 -∆∆CT method (19) .
Statistical analysis.
Results are presented as mean ± SD of at least triplicate measurements of one representative from several independent experiments. Differences between groups were evaluated with Welch's t test, and a value of p<0.05 was considered statistically significant.
Results

H 2 O 2 enhances TGFβ-mediated EMT. We investigated the effect of H 2 O 2 on
TGFβ-mediated EMT. Confluent MCF-10A cells were treated with H 2 O 2 for 1 h, and then trypsinized and replated at a low density in the presence or absence of TGFβ.
The highest concentration of TGFβ was 400 pg/ml, which is not sufficient to induce EMT (15) . Immunofluorescence analysis revealed that E-and N-cadherin, markers epithelial and mesenchymal phenotypes, respectively, were down-and up-regulated, respectively, after H 2 O 2 treatment in the presence of TGFβ ( Figure 1A and B), although TGFβ alone down-regulated E-cadherin expression to some extent. These changes were induced by H 2 O 2 at concentrations greater than 50 μM, as determined 10 using a high-throughput image analyzer ( Figure 1C and D) . E-Cadherin transcript levels were similar to the protein levels in each treatment group ( Figure 1E ). 
Up-regulation of EMT-inducing transcription factors contributes to the enhancement of
Discussion
The results presented here demonstrate that TGFβ-mediated EMT in MCF-10A cells was enhanced not only by radiation exposure, which has been previously but also by H 2 O 2 treatment at concentrations greater than 50 μM. This was likely associated with the observed upregulation of SNAIL1, SNAIL2 and ZEB1, which encode EMT-inducing transcription factors. The induction of EMT was accompanied by increased nuclear localization of phosphorylated SMAD2, as well as MEK/ERK activation, which is important for non-canonical, SMAD-independent TGFβ signaling.
These results indicate that the enhancement of TGFβ-mediated EMT by H 2 O 2 SMAD2 and MEK/ERK activation followed by upregulation of SNAIL1, SNAIL2, and
ZEB1.
The binding of TGFβ to its receptor and consequent activation of SMAD2/3, which is phosphorylated and accumulated in the nucleus, initiates EMT (13, 23, 24). It was reported that SMAD2/3 phosphorylation increased in cells exposed to radiation in the presence of TGFβ (15) . In the present study, we observed a significant increase in the nuclear localization of phosphorylated SMAD2 (Figure 3 ). In addition, the TGFβ-SMAD pathway is correlated with other signaling molecules including MEK/ERK, JNK or p38 (25) . In fact, MEK/ERK inhibition partly abrogated the enhancement of TGFβ-mediated EMT by H 2 O 2 , suggesting that both SMAD2 and MEK/ERK are important.
It is unclear how H 2 O 2 activates SMAD and MEK/ERK signaling to enhance
TGFβ-mediated EMT. However, SMAD activation might be caused via TGFβ, as TGFβ is induced by oxidative stress. Epidermal and platelet-derived growth factor receptors, which act upstream of MEK/ERK, are activated by H 2 O 2 treatment in a ligand-independent manner (26, 27) , while SRC and RAS are also required for 
